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Hyper-Kamiokande (HK) is a next generation large water Cherenkov
detector to be built in Japan, based on the highly successful Super-
Kamiokande detector. HK will offer a broad science program such as neu-
trino oscillation studies, proton decay searches, and neutrino astrophysics
with unprecedented sensitivities. This paper describes the overview and
physics potential of HK.
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1 The Hyper-Kamiokande project
Hyper-Kamiokande (HK) is a next generation underground water Cherenkov detector.
Based on the highly successful Super-Kamiokande (SK), the detector performance
will be further enhanced by an order of magnitude larger fiducial mass and higher
performance photodetectors. It will have far-reaching sensitivities for a very broad
range of science topics, including neutrino oscillation studies, proton decay searches,
and neutrino astrophysics.
The current baseline design of HK comprises two cylindrical detectors that are
60 m in height and 74 m in diameter (Fig. 1). The design was revised in the be-
ginning of 2016 as a result of optimization, taking into account the recent technical
development [1]. The newly developed 50cm PMT, Hamamatsu R12860, has twice
better photon detection efficiency and timing resolution compared to R3600, the PMT
used for SK [2]. In addition, it has an improved pressure tolerance so that a deeper
tank becomes feasible. Alternative solutions for photosensors are also extensively
studied by the international collaboration.
The total (fiducial) mass of water will be 260(190) kton per tank. The inner
detector region will be instrumented with 40,000 50 cm high-performance PMTs,
corresponding to 40% photo-cathode coverage. The outer detector will be equipped
with 6,700 20 cm PMTs. The proposed location for HK is about 8 km south of SK
and 1,750 meters water equivalent (or 648 m of rock) deep. A staging between the
first and second tank is planned for the construction. In the study described in this
paper, the second tank is assumed to become operational at the same site after six
years. Recently, a possibility of building the second tank in Korea is explored [3]. It
is discussed separately [4].
In this paper, the overview of HK physics program will be described, with an
emphasis on the enhancement of capabilities realized with the new design.
Figure 1: Schematic view of one HK detector. From [1].
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Figure 2: Expected invariant mass distributions for p → e+pi0 candidates with ten
years of HK. The proton lifetime is assumed to be 1.7 × 1034 years. The left (right)
plot shows the free (bound) proton enhanced region in the total momentum ptot,
ptot < 100 MeV (100 < ptot < 250 MeV). The points (histogram) show the sum of
the background and proton decay signal (atmospheric neutrino background).
2 Physics capabilities
2.1 Search for proton decay
2.1.1 p→ e+pi0
Proton decays into a positron and neutral pion, p → e+pi0, are a dominant decay
mode in many GUT models. It also has a very clean experimental signature in a
water Cherenkov detector with full reconstruction of the event.
After decades of search, the sensitivity is still improving with advancement of
detector technology and analysis technique. One of examples for such a technique is
the background suppression with the neutron tagging. In the proton decay events,
the probability of neutron emission is rather small, while in the atmospheric neutrino
events, which is the dominant background of proton decay searches, often neutrons
are produced. Thus, neutron tagging can provide an additional handle to suppress
the background for the proton decay search and improve the sensitivity.
The ability to tag the 2.2 MeV photon from neutron capture on hydrogen, n+p→
d + γ, in a water Cherenkov detector is demonstrated by the proton decay searches
with SK-IV [5]. With 40% photo-coverage and R3600 PMT, the neutron tagging
efficiency in SK is about 20%. HK will have a better efficiency for the low energy
photons thanks to the higher photon detection efficiency. From the expected number
of hits for 2.2 MeV γ ray, the neutron tagging efficiency in HK is assumed to be
70%. Gd doping is also investigated as an option to further improve the neutron
tagging efficiency, but not considered in this study. Table 1 shows the expected
signal efficiency and background rates for HK, compared to those of the SK-IV [5].
Figure 2 shows the reconstructed invariant mass distribution expected with ten years
of HK data for the proton lifetime of 1.7× 1034 years.
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Table 1: Signal efficiency and background rates for p→ e+pi0 at HK and SK-IV [5] .
0 < ptot < 100MeV/c 100 < ptot < 250MeV/c
sig σ Bkg σBkg sig σ Bkg σBkg
[%] [%] [/Mton·yr] [%] [%] [%] [/Mton·yr] [%]
HK 18.7 6.5 0.06 32.8 19.4 14.9 0.62 31.9
SK-IV 18.7 10.2 0.18 32.7 19.4 17.7 1.1 31.1
Table 2: Signal efficiency and background rates for p→ νK+. The numbers for SK [6]
are also listed.
K+ → µ+ + ν with prompt γ K+ → pi+pi0
sig σ Bkg σBkg sig σ Bkg σBkg
[%] [%] [/Mton·yr] [%] [%] [%] [/Mton·yr] [%]
HK 12.7 19.0 0.9 27.0 10.8 10.0 0.7 31.0
SK-IV 9.1 22 1.5 25 10.0 9.5 2.0 29
2.1.2 p→ νK+
Proton decays into an antineutrino and a charged kaon, p → νK+, are a dominant
mode in many of supersymmetric grand unified theories. In a water Cherenkov de-
tector, K+ from proton decay is not directly visible because its momentum is below
the Cherenkov threshold, but can be identified from its decay products.
For K+ → µ+ + ν (branching fraction 64%), in addition to detecting a monochro-
matic (236 MeV/c) muon, nuclear de-excitation γ ray (6.3 MeV) can be used to tag
the signal. Better detection efficiency and timing resolution of the new photosensor
will lead to an improved efficiency of low energy γ rays.
For K+ → pi+ +pi0 (branching fraction 21%), the pi+ has a momentum just above
the Cherenkov threshold and emits only faint light. With better photon detection
efficiency, the detection efficiency of pi+ will be improved.
Table 2 summarizes the efficiency and background expectation for p → νK+
searches. Neutron tagging is also applied for this mode. There is the third method
for the p → νK+ search, search for an excess in the muon momentum distribution,
not shown in the table.
2.1.3 Expected sensitivity for proton decay
Figure 3 shows the estimated 3 σ discovery potential of p→ e+pi0 (left) and p→ νK+
(right) as a function of run time. After 20 years of operation, the expected 3 σ
sensitivities for p→ e+pi0 and p→ νK+ are 8.0×1034 and 2.5×1034 years, respectively.
With HK, there is a large potential to discover the proton decays with lifetime beyond
the current lower limit given by SK, 1.6×1034 years and 5.9×1033 years.
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Figure 3: Estimated 3 σ discovery potential of p→ e+pi0 (left) and p→ νK+ (right)
as a function of run time. The red, orange and grey lines correspond to the baseline
design of HK, the case for just single tank, and the old design (560 kt fiducial mass
with 20% coverage with R3600), respectively. The cyan line shows a 40 kton liquid
argon detector, with assumption of a signal efficiency of 45%(97%) and background
of 1.0(1.0) events per Megaton·year for p→ e+pi0 (p→ νK+). Systematic errors are
included for the HK lines but not for the liquid argon detector.
2.2 Low energy physics
As is demonstrated by SK, a water Cherenkov detector has an excellent potential for
broad and rich science with low energy (O(1–10) MeV) neutrinos. In this energy re-
gion, the performance of the detector is mainly limited by number of detected photons.
Hence, improved photon detection efficiency of HK will significantly benefit the low
energy physics program. In order to fully exploit the improved performance for low
energy physics, careful control of background (such as radioactivity and spallation)
and water quality, and precise calibration by design and operation of the detector will
be necessary. An extensive R&D by international cooperation is under way.
One example of low energy physics that benefits from HK design is the study of
solar neutrinos. There is about 2σ of tension in ∆m221 between solar neutrino measure-
ments and KamLAND reactor neutrino measurement [7]. The day-night asymmetry
of solar neutrino event rate due to the regeneration of the electron neutrinos through
the MSW matter effect in the Earth can provide us a precise determination of ∆m221
using νe (in contrast to νe from reactors), providing a 5 σ resolution if the difference
from KamLAND value persists and 0.3% systematic uncertainty is achieved. The
observation of the spectrum upturn in solar neutrino, caused by the transition of the
survival probability from the matter dominant to the vacuum dominant energy region,
will be possible with the low threshold and high statistics. The precise measurement
of the spectrum shape can distinguish the standard neutrino oscillation scenario from
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Table 3: The expected number of νe/νe candidate events and efficiencies with respect
to FCFV events. Normal mass hierarchy with sin2 2θ13 = 0.1 and δCP = 0 are
assumed. Background is categorized by the flavor before oscillation.
signal BG
Total
νµ → νe νµ → νe νµ CC νµ CC νe CC νe CC NC BG Total
ν mode
Events 2300 21 10 0 347 15 188 560 2880
Eff.(%) 63.6 47.3 0.1 0.0 24.5 12.6 1.4 1.6 —
ν mode
Events 289 1656 3 3 142 302 274 724 2669
Eff. (%) 45.0 70.8 0.03 0.02 13.5 30.8 1.6 1.6 —
exotic models. 5 σ observation of the upturn in the transition region will be possible
with HK, if background and calibration level similar to those of SK can be achieved.
Also, thanks to the good resolution, measurement of hep neutrino could be possible.
Another important topic is the study of supernova neutrinos, as presented in [2].
2.3 Studies of neutrino oscillation
2.3.1 Long baseline program
Recently, the T2K collaboration reported the first constraint on δCP [8, 9, 10], which
indicates that the CP violation in the lepton sector may be large, although the statis-
tical significance is still insufficient. The observation and study of the CP asymmetry
in the lepton sector, now possible with the comparison of νµ → νe and νµ → νe oscilla-
tions, is one of the most important topics in particle physics. Precision measurements
of oscillation parameters require both large statistics and well controlled systematics.
Combining an intense and high quality neutrino beam from J-PARC, the huge mass
and high performance of Hyper-K detector, a highly capable near/intermediate detec-
tor complex [11], and the full expertise obtained from ongoing T2K/SK experiments,
Hyper-K will be the best project to probe the CP violation in the lepton sector and
new physics with neutrino oscillation.
The beam power from J-PARC accelerator and its neutrino beamline is expected
to be significantly increased in near future. The accelerator upgrade to double the
repetition rate is ongoing, to reach the design power of 750 kW and beyond. Based
on high intensity studies of the current accelerator performance, it is expected that
1.3 MW beam power can be achieved by the time HK will start operation. The
upgrade of the neutrino beamline is also planned to keep up with the upgrade of
accelerator power. For the sensitivity estimation of the long baseline experiment
using HK, an integrated beam power of 1.3 MW×108 sec, corresponding to ten years,
is assumed.
Table 3 shows the expected number of events after νe signal selection, for sin
2 2θ13 =
5
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Figure 4: (Left) Expected significance to exclude sin δCP = 0 for normal mass hierar-
chy. (Right) Expected 68% CL uncertainty of δCP as a function of running time.
0.1, δ = 0, and normal mass hierarchy. For each of neutrino and anti-neutrino mode,
O(1000) signal events are expected. The sensitivity is estimated based on a frame-
work developed in T2K experiment [12]. The analysis is the same as one described
in [13], except for the update of the systematic uncertainty estimate. A binned like-
lihood analysis based on the reconstructed neutrino energy distribution is performed
using both νe (νe) appearance and νµ (νµ) disappearance samples simultaneously.
The systematic uncertainty is estimated based on the experience of T2K, with an ex-
trapolation considering improvement expected in HK era. Correlations of systematics
between energy bins and flavors are taken into account using an error matrix.
Figure 4(left) shows the expected significance to exclude sin δCP = 0 (the CP
conserved case). CP violation in the lepton sector can be observed with more than
3(5)σ significance for 78(62)% of the possible values of δCP . Figure 4(right) shows
the 68% CL uncertainty of δCP as a function of the running time. The value of δCP
can be determined with an uncertainty of 7.2◦ for δCP = 0◦ or 180◦, and 21◦ for
δCP = ±90◦.
Using both νe appearance and νµ disappearance channels, precise measurements of
sin2 θ23 and ∆m
2
32 will be possible. Expected 1σ uncertainty of sin
2 θ23 is 0.015(0.006)
for sin2 θ23 = 0.5(0.45). The uncertainty of ∆m
2
32 is expected to reach < 1%.
There will be also a variety of measurements possible with both near and far
detectors, such as neutrino-nucleus interaction cross section measurements and search
for exotic physics, using the well-understood neutrino beam.
2.3.2 Atmospheric neutrinos
Atmospheric neutrinos provide a wide variety of energy, baseline, and flavor of neutri-
nos, giving access to complementary information to accelerator neutrinos. In partic-
ular, significant modification of neutrino oscillation probabilities in the energy range
2-10 GeV due to matter effects inside the Earth gives a sensitivity to the mass hier-
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Figure 5: Mass hierarchy (left) and θ23 octant (right) sensitivity by a combination of
beam and atmospheric neutrinos in HK.
archy. After 10 years, the measurement with atmospheric neutrino alone is expected
to resolve the mass hierarchy at
√
∆χ2 > 3 for both hierarchy assumptions and when
sin2 θ23 > 0.45.
Moreover, the sensitivities are enhanced by a combination of accelerator and at-
mospheric neutrinos. Figure 5 shows the sensitivities for mass hierarchy (left) and
θ23 octant (right) by a combination of beam and atmospheric neutrinos. The mass
hierarchy can be determined with more than 3(5) σ with five (ten) years of data, and
the octant of θ23 can be resolved if |θ23 − 45| > 2.5◦ in ten years.
Atmospheric neutrino can study additional topics, such as ντ cross section mea-
surement, search for sterile neutrino, and the test of Lorentz invariance. It will also
provide information on the chemical composition of Earth’s outer core using matter
effect, contributing to the geophysics.
3 Conclusions
Hyper-Kamiokande will have a rich program with world-leading science output. Based
on technology well established with past/ongoing experiments, it will realize a fast and
robust approach to the CP violation in the lepton sector and a long term observational
program with a wide range of science. An international collaboration of about 300
members from 15 countries is working to promote the project towards realization.
Assuming the start of construction in 2018, the data taking is expected to start from
2026.
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